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McKee & Ostriker (1977) 
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n = Σgas / (2H )

S∝ΣSFR / (2H )

εUV ∝ΣSFR

H = f(⌃gas, ⇢⇤,�v)
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ISM phases/structure 
Chemical phases:  

 molecular, atomic, ionized 
Thermal phases:  

 cold, warm, hot 
Chemical × Thermal  “components”:  
    CNM (HI, H2 ), WNM, WIM, HIM 
Structure:  
    intercloud medium – diffuse   
    clouds – self-gravitating, diffuse  
Diffuse ISM:  

 pressure similar for all components (FGH, Spitzer) 
 equilibrium ⇒ midplane pressure balances ISM weight 

Self-gravitating clouds: 
 internal pressure >> surrounding ambient level   
   

  
 
In galactic disks, the mass reservoir and raw material for star 

formation is the neutral ISM: 
•  Atomic gas: 

–  Warm atomic gas (T~104 K; n~0.3  cm-3 in Solar neighborhood) 
               diffuse; fills much of volume near Galactic midplane  
–  Cold atomic gas (T~100 K;   n~30 cm-3 in Solar neighborhood) 
               organized in dense clouds, sheets, & filaments; L~1-10pc 
•  Warm and cold phases coexist, in pressure equilibrium (FGH 1969) 
–  Primary component in outer galaxies; saturated in inner galaxies: 
      ΣHI  ≤10 M! pc-2   (NH ~ 1021 cm-2) 

•  Molecular gas: 
–  Cold (T~10 K) and dense (n >100 cm-3) 
–  Collected in gravitationally bound, turbulent clouds (GMCs) 
–  Requires shielding from dissociating UV to exist 
–  Primary component in inner galaxies:  ΣH2    up to 102-103 M! pc-2  

Additional ISM phases: 
–  Warm ionized gas (T~104 ; heated/ionized by stellar UV) 
–  Hot ionized gas (T~106K ; heated by supernova shocks) 
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Star Formation 
•  Occurs via gravitational collapse in the coldest, 

densest, most-shielded part of the ISM 
•  Young stars inject energy to ISM in many forms: 
–  Protostellar jets & winds (low mass stars) 
–  Non-ionizing & ionizing radiation (esp. high-mass stars) 
–  Winds (high-mass stars) 
–  Supernovae (high-mass stars): direct shock, CR injection 

•  Because stellar energy input is result of ISM 
collapse, it is considered “feedback” to ISM 

•  SF feedback is the main energy source in ISM 
•  SF feedback is essential to chemical, thermal, structural, 

dynamical state of all ISM components 
•  Star-forming ISM: single, self-consistent ecosystem 



Effects of feedback 
•  Shocks: heat and accelerate gas; compress B; 

accelerate CRs  
•  Radiation: ionize/dissociate & heat gas; PE 

effect heats gas via dust; heat dust; accelerate 
dust (+gas) 

•  Drives expansion away from sources: 
–  Hot & warm gas P, radiation P, magnetic P, CR P 

•  Interaction of expanding flow with ambient  
–  Turbulence in ISM v, B →ρ 
–  Epicyclic motions 
–  Vertical motions (galactic fountain, wind) 
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Feedback scales 
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HH 111 

NGC 891 (Adam Block) 



Feedback “outcomes” 

•  Sets pressure (thermal, turbulent, 
magnetic) in ISM 
– Higher heating rate from higher JFUV from 

higher SFR ⇒higher Pth in WNM and CNM 
– Higher driving rate from higher SN explosion 

rate ⇒higher Pturb (kinetic & magnetic), PCR, Phot 

•  Sets balance of thermal and chemical 
phases (mass and volume fractions)  
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Tmax 

Tmin 

Two-phase Thermal Equil. 
•  In Solar neighborhood,  
      Pth,0≈Ptwo-phase≡(Pmin,coldPmax,warm)1/2 

                   ≈3000 k K cm-3       (Wolfire et al 2003) 

•  Dependence of Ptwo-phase : 

 

•  Tmin ,Tmax ~ const.;                   
Γ∝Zd JFUV , Λ∝Zg⇒ 

•   Ptwo-phase∝JFUV Zd /Zg 

                             ∝ΣSFR 

•  Higher ΣSFR ⇒ higher Pth 
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Wolfire et al (1995) € 

Ptwo−phase

k
= nminTminnmaxTmin[ ]

1/ 2

€ 

= Γ
TminTmax

Λ(Tmin )Λ(Tmax )

 

 
 

 

 
 

1/ 2

Wolfire	  et	  al	  (1995)	  

F	   G

H

Pmin,cold 

Pmax,warm 

equilibrium: nΛ=Γ	




Empirical Pth vs ΣSFR  
•  From Herschel/

KINGFISH, use [CII] 
158µ emission to obtain 
thermal pressure of 
primarily-atomic gas  

•  Sample of 31 galaxies 
also in THINGS and 
HERACLES 

•  kpc-scale resolution 
pointings 

•  Consistent with the 
prediction  

      Pth=Ptwo-phase∝ΣSFR 
      from Wolfire et al (2003)  
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Thermal and turbulent energy 
•  Thermal equilibrium:  

      nΛ(T) = Γ ⇒ Pth Λ(T)/T∝JFUV ⇒Pth =ηth ΣSFR 
•  Turbulent equilibrium: 
Pturb=ρvz

2~vz
2Σ/H~vzΣ/(H/vz)~(momentum/area)/tver  

       dissipation=driving ⇒ 

       Pturb ~(1/4)p*ΣSFR/m*     ⇒ Pturb=ηturbΣSFR         
•  Magnetic PδB ~ 0.4 Pturb   ⇒ PδB=ηδBΣSFR  
•  Mass fraction:  
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Ostriker, McKee & Leroy 2010 

Ostriker & Shetty 2011 

Kim & Ostriker 2015 



Pth and Pturb in simulations 
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Ptwo ≡ ηth ΣSFR Pdriv ≡ ηturbΣSFR  

Simulations have SF feedback in the form of photoelectric heating for the WNM 
& CNM, and SN momentum injection to drive turbulence, both ∝ΣSFR  

Kim, Kim & Ostriker (2011); Kim, Ostriker & Kim (2013) 
                       See also KO (2015) for magnetized case  



Feedback “outcomes” 

•  Sets pressure (thermal, turbulent, 
magnetic) in ISM 
– Higher heating rate from higher JFUV from 

higher SFR ⇒higher Pth in WNM and CNM 
– Higher driving rate from higher SN explosion 

rate ⇒higher Pturb (kinetic & magnetic), PCR, Phot 
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….or does it? 



Dynamical equilibrium 
•  Disk system: 
   PDE =Σgas⟨gz⟩/2≈ πGΣgas

2/2 + Σgas(2G ρ*)1/2σz 

•  To maintain vertical equilibrium, sum of 
turbulent, thermal, magnetic, cosmic ray, 
radiation terms must balance DE pressure:  

•  Since PDE depends on large-scale galaxy 
properties (Σgas, ρ*, σz) that are insensitive to 
SF, must adjust Pturb, Pth, etc. to reach balance 

•  Achieved by varying ΣSFR  with Pi =ηi ΣSFR 
 ISM equilibrium demands a certain level of feedback   
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TIGRESS simulations 
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ΣSFR vs. total pressure 
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PDE and SFR 
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Herrera-Camus et al (2017) 

See also: Blitz & Rosolowsky (2006), Leroy et al (2008)  



ΣSFR vs. equilibrium pressure 
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⌃
SFR

/ P
tot,DE

On large scales, star formation self-
regulates to satisfy energy and 

momentum input “demands” of the 
ISM in equilibrium  

High efficiency of energy & 
momentum production by feedback 

allows low efficiency of gas 
consumption 



SFR: local-disk simulations with SNe 
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Gatto et al (2016) 

Kim + O. (2017) 

Hennebelle & Iffrig  (2014) 



Feedback + background state 
“outcomes” 

•  ΣSFR  and relative contributions of pressure 
components (Pth, Pturb, Pmag, PCR …), e.g.:  
–  Pth depends on heating efficiency/cooling rate 
–  Pturb depends on momentum input/stellar mass 

•  Note: similarly, SFE in individual core/
clump 
– Depends on mean clump properties (Σgas) 
– Depends on feedback yields, including  
    Lion/M*, Ltot/M*,Lwind/M* 

– Depends on turbulent state of clump 
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SN feedback and the hot ISM 
•  SN create the hot ISM; hot phase interacts with 

other phases (dynamics; conduction) 

•  Key quantities for controlling galactic SF:  
–  Mean momentum per SN injected in warm/cold ISM 

to drive turbulence 
–  Mean hot gas mass per SN that expands to escape in 

wind 

•  Questions: 
–  Fraction of volume in hot medium? 
–  Effect of correlated SNe (star clusters) vs. isolated SNe 

(type I; runaway O stars)? 
–  Effect of medium surrounding SN? 
Hennebelle & Iffrig (2014), Walch et al (2015), Gatto et al (2015, 2017), Li et al (2015, 
2016),  Girichidis et al (2016), Kim & Ostriker (2017) 
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Supernova remnant expansion  
•  Supernovae drive blast waves 

into surrounding interstellar 
medium 

•  Blast shocks and sweeps up 
ambient medium 

•  SNR classical evolution stages : 
–  Free expansion, Sedov-Taylor, 

Pressure-Driven Snowplow, 
Momentum-Conserving Snowplow 

Spherical simulations: Cioffi et al 1988, 
Blondin et al  1998, Thornton et al 1998  

•  Shell cools and expansion slows 
when shock drops to ~ 200 km/s 

•  Momentum increases ~ 50% after 
shell formation 
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tsf = 40 kyrn�0.6
0

rsf = 22pcn�0.4
0

vsf = 210km/sn0.1
0

Msf = 1550M� n�0.3
0

psf = 2⇥ 105 M� km/sn�0.15
0

C.-G.Kim & Ostriker (2015a)  



Momentum Injection by SNe 
•  New simulations:  3D; inhomogenous medium   
         Iffrig & Hennebelle (2015),  Kim & Ostriker (2015)), Martizzi et al (2015), Walch & Naab (2015)   

–  Intercloud medium determines tsf and rsf 
–  All find p* similar to value in homogeneous medium 
–  Insensitive to mean ambient density: 
      pfinal =3×105 M☉km/s ⟨n0⟩

-0.17 

2/17/17 Kim & Ostriker (2015)  

Final SNR momentum 
is     ~10 ✕ initial 
momenta of SN ejecta  



Superbubbles in cloudy ISM 
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Uniform-medium case 
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Gentry et al (2017) 



Effect of SN locations? 
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Clustered & runaway SNe 
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TIGRESS simulation 
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*Three-phase ISM Resolving Evolution with Star formation and Supernovae 



Wind driving 
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Gatto et al ( 2017) 



Loading of disk winds 
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C.-G. Kim & Ostriker  (2017)  

TIGRESS Ṁw/Ṁ*  
Li et al (2017) 



Summary 
•  Energy balance in ISM (heating/cooling, 

driving/dissipation,…) from SF feedback sets 
ratios Pth:Pturb:Pmag:PCR 

•  Vertical gravity in disk sets required total ISM 
pressure; combines with feedback yields  to set  
ΣSFR as a function of Σgas, ρ* 

•   Feedback yields also set fM for WNM, CNM 
•  Current simulations with SNe and heating yield 

realistic ISM properties for self-consistent SF  
•  SNe-driven winds present but modest in high-

mass galaxies; CR feedback may be needed 
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Next steps 
•  CR feedback with streaming, self-

consistent diffusion 
•  Time-dependent ionizing + non-ionizing 

radiation coupled to chemistry 
•  Spiral structure 
•  Global models (for true wind) 
•  Integration of cloud-scale with larger-scale 

picture (dynamics + chemistry) 
•  (More) synthetic observables 
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